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The geminivirus AC2 gene product transactivates the expression of the coat and movement protein (CP and BV1) genes,
and this effect seems to be mediated by specific although hitherto unknown cis-acting elements. In this work we examined
regions from the CP and BV1 gene promoters of pepper huasteco virus (PHV) to define the sequence elements involved in
regulation by AC2. Results from transient gene expression and transgenic plant assays suggest that a truncated 115-nt CP
promoter is still responsive to the viral transactivator. This promoter contains three elements similar to a sequence motif
termed conserved late element (CLE), which is found in the regulatory regions of many geminiviruses and that was previously
suggested, on a theoretical basis, to be a potential functional target for AC2 (Argu¨ello-Astorga et al. (1994), Virology 203,
90–100). To confirm these results, an oligonucleotide containing two CLE motifs was synthesized and characterized in
gain-of-function experiments. Transient expression assays showed that this 29-nt sequence is able to confer AC2 respon-
siveness to heterologous promoters. A smaller oligonucleotide (16 nt) containing a single CLE also conferred this activity. In
addition, when the CLE motifs were mutated in their original context (truncated 115-nt promoter), this modified promoter lost
its ability to be transactivated by AC2. All these results support the involvement, at least in the case of PHV, of CLE sequences
in the process of transactivation. © 1999 Academic Press
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aINTRODUCTION
The Geminiviridae is a family of important plant patho-
ens characterized by a twinned capsid morphology, a
mall, single-stranded circular DNA genome, and a wide
ost range. Geminiviruses have been classified into
hree subgroups according to their host range (mono- or
icotyledonous plants), insect vector (whiteflies or leaf-
oppers), and genome organization (mono- or bipartite).
ll bipartite geminiviruses described so far show similar
enomic organization. Component A codes for all the
iral proteins required for replication and transcription of
he viral DNA: AC1 (Rep), AC2 (TrAP), and AC3 and the
oat protein AV1 (CP). The B component codes for the
C1 and BV1 proteins involved in the cell-to-cell and
ystemic movement of the virus in the plant. Both com-
onents display an intergenic region (IR) which includes
180- to 200-nt segment almost identical in both com-
onents and known as the common region. All gemini-
iruses have an element with the potential to form a
tem-loop structure. The entire structure (;30 nt) is con-
erved among bipartite geminiviruses, whereas in mono-
artite geminiviruses the sequence of the stem varies,
onserving only the loop sequence (Lazarowitz, 1992).
1 To whom correspondence and reprint requests should be ad-
mressed. E-mail: rrivera@irapuato.ira.cinvestav.mx.
042-6822/99 $30.00
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162Geminiviruses belong to one of two plant virus groups
escribed to date that replicate solely in the nucleus and
ithout RNA intermediates. These features make them
menable for their use as plant expression vectors and
s models for the study of plant gene regulation and
NA replication (Davies and Stanley, 1989; Lazarowitz,
992; Timmermans et al., 1994). The study of gene ex-
ression in animal viruses such as SV40, adenovirus,
nd herpesvirus, among many others, has offered impor-
ant insights into the corresponding processes in their
osts. Accordingly, the geminiviruses might shed some
ight into the analogous mechanisms in plant cells.
In general, the expression of viral genes follows a
emporal sequence that is finely coordinated. At the
nset of infection the virus relies entirely on the host
ranscriptional machinery. However, some of the viral
roteins synthesized in the first stage participate in the
egulation of viral genes in subsequent stages (reviewed
y Martin and Green, 1992; Nevins, 1991). In the case of
eminiviruses, it has been reported that Rep downregu-
ates its own expression (Haley et al., 1992; Sunter et al.,
993), whereas AC2 regulates the expression of virion
ense genes CP and BV1 from both components (Sunter
nd Bisaro, 1991, 1992). The amino acid sequence of AC2
isplays features of a eukaryotic transactivator, including
basic domain associated with an atypical zinc finger
otif and a carboxy-terminal acidic domain. However,
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163TRANSACTIVATION OF PHV COAT PROTEIN GENE EXPRESSIONequence-specific DNA binding of AC2 has not been
emonstrated (Noris et al., 1996; Sung and Coutts, 1996;
unter and Bisaro, 1997). It has also been shown that
eterologous complementation for the AC2 gene can
ccur among distantly related geminiviruses, suggesting
conservation of the target sequence (Sunter et al.,
994). The mechanism by which AC2 activates viral
enes and the cis elements involved has not been elu-
idated. This might yield interesting information on the
egulatory properties of this protein (one of the smallest
ranscriptional activators described) and also on se-
uences that could also be present within the plant
enome.
The IR of geminiviruses harbors two divergent, over-
apping promoters (Lazarowitz, 1992). Even though the
pstream limits of these promoters have not been de-
ined, it is likely that most regulatory sequences lie within
he IR. In a previous work, the IRs of several geminivi-
uses were analyzed and searched for sequences in-
olved in their replication and transcriptional regulation.
y means of a phylogenetic–structural approach and
ased on available experimental evidence from several
roups, it was postulated that iterative sequences found
n this region could function as the determinants for
eplicative specificity of geminiviruses (Argu¨ello-Astorga
t al., 1994a,b). Additionally, other sequences that could
lay a role in the expression of the viral ORFs were
ound. Specifically, it was postulated that some con-
erved elements (consensus: GTGGTCCC) present in the
ate gene promoters of several bipartite geminiviruses
thus termed conserved late elements, CLEs) could be
he functional target sites for the geminiviral transactiva-
or. This report presents experimental evidence that sup-
orts the participation of these elements in the AC2-
ediated activation of pepper huasteco virus (PHV) gene
xpression.
RESULTS
115-nt minimal PHV CP promoter is transactivated
y AC2 protein
In order to delimit the sequences within the PHV CP
romoter involved in the transactivation by AC2, the GUS
eporter gene was fused to three different versions, in
ize, of the CP promoter, generating the fusions LCP-
US (which includes 693 nt upstream from the CP start
odon), MCP-GUS (235 nt), and SCP-GUS (115 nt) (Fig.
A). Transient expression assays showed that all ver-
ions of the CP promoter were able to be transactivated
y a cloned PHV A component (Ruiz-Medrano and
ivera-Bustamante, unpublished). Then, the shortest
onstruct (SCP-GUS) was introduced into tobacco plants
ia Agrobacterium tumefaciens transformation. Histo-
hemical analysis of primary transformants and T1
lants showed that the expression of the GUS reporter
ene is restricted to vascular tissue of segments close to rateral buds and the apical portion of the stem. No GUS
ctivity was detected in leaves or other tissues (data not
hown). These transgenic plants were inoculated via
article bombardment with PHV (Garzo´n-Tiznado et al.,
993). Leaves and stems were then analyzed for GUS
ctivity 2–3 weeks after inoculation, when symptoms
ere clearly visible. Inoculated leaves displayed strong
lucuronidase activity, mostly as discrete points (the
ites of impact) (Figs. 1C and 1D). In contrast, in mock-
noculated plants no such expression was detectable
Fig. 1B). These results confirmed that the sequences
nvolved in transactivation by viral factors (most likely
C2) were present in the 115-nt fragment of the CP
romoter (SCP).
LE sequences are involved in AC2 transactivation
The 115-nt segment contains three elements highly
imilar to a conserved sequence motif (CLE) postulated
s a potential functional target for AC2. These elements
ere found in the promoters of late (i.e., CP and BV1)
enes from all geminiviruses from the Old World (OW;
urope, Africa, and Asia) but only in some from the New
orld (NW; America) (Argu¨ello-Astorga et al., 1994b).
igure 2 shows the results of an analysis of the IR from
elected OW and NW geminiviruses, in which the relative
osition and orientation of CLEs are indicated. In OW
eminiviruses, a CLE is always present adjacent to the
tem-loop element in both components, although com-
onent B generally contains more CLEs. The CLEs found
n the NW viruses usually display more variation in their
osition within the IR.
To define if CLE sequences are indeed involved in the
ransactivation of PHV late genes, two approaches were
ollowed. First, gain-of-function experiments with heter-
logous promoters were carried out. Initially, an oligonu-
leotide 29 bases in length that contains two CLE motifs
as synthesized (Fig. 3). A StuI site was created be-
ween the CLE motifs to facilitate further assays with a
romoter containing only one CLE. The synthetic oligo-
ucleotide was cloned upstream of the minimal (nucle-
tides 246/18) and truncated (290/11) versions of the
aMV 35S promoter fused to the GUS reporter gene to
enerate the plasmids CLE46GUS and CLE90GUS, re-
pectively (Fig. 3).
For the transient assays, leaf tissue from a PHV host
tobacco) and a nonhost (pea) plant was bombarded with
6GUS, 90GUS, CLE46GUS, or CLE90GUS constructs in
he absence or the presence of a source of AC2 (either
IGV22 or p35S-AC2). The effect of AC2 was determined
s the increase in the number of blue spots (GUS activity)
ound in the tissues cobombarded with an AC2 source.
s a negative control a PHV AC2 mutant (AC22) was
ncluded in the experiments (see Materials and Meth-
ds). Figure 4 shows pea (top row) and tobacco (bottom
ow) leaf tissue bombarded with CLE46GUS and
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164 RUIZ-MEDRANO ET AL.LE90GUS in the absence (A, C, E, G) or the presence (B,
, F, H) of PHV A as a source of AC2. In both cases, the
umber of blue spots as well as their intensity increased
n the presence of PHV A DNA. Figures 5A and 5B show
FIG. 1. Delimitation of the regions required for AC2-mediated transa
table plant transformation. Three versions of the PHV CP promoter w
s given as the distance between the 59 end and the CP start codon. (E,
ere translationally fused to the Escherichia coli b-glucuronidase (uid
ransgenic tobacco plant bombarded with pBluescript DNA. (C) Leaf fro
f a leaf shown in C.
FIG. 4. CLE-mediated transactivation of PHV CP promoter assayed in
as delivered onto pea and tobacco leaf tissue by particle acceleration
DNA (B and F). Similarly, CLE90GUS construct was delivered withouraphically the results of the bombardment experiments Aith tobacco leaves. No transactivation was observed in
he experiments with the CLE-less 46GUS or 90GUS
NAs. The number of blue spots obtained was similar
rrespective of the accompanying DNA (BS, PHV A, 35S-
n. (A) Schematic representation of the CP promoter versions used for
ained by digesting with different enzymes. The size of each promoter
P, PmlI; H, HindIII; Sy, StyI; S-L, stem-loop structure. The three versions
) coding sequence and the nos terminator. (B) Leaf from a SCP-GUS
P-GUS transgenic tobacco plant bombarded with PHV DNA. (D) Detail
p row) and tobacco leaf tissues (bottom row). The CLE46GUS construct
absence (1 pBluescript: A and E) or the presence of the cloned PHV
d G) and with the PHV A DNA (D and H).ctivatio
ere obt
EcoRI;
A; GUS
m a SC
pea (to
in theC2, or AC22). On the other hand, the cobombardment of
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165TRANSACTIVATION OF PHV COAT PROTEIN GENE EXPRESSIONLE46GUS (or CLE90GUS) with either PHV A or 35S-AC2
NAs produced a higher expression of the reporter gene
hen compared with the controls that included DNA
rom pBluescript (BS) or the AC22 mutant. Similar results
ere obtained with pea tissue, although in this case, a
ower background and higher transactivation levels were
sually observed (not shown). The results obtained
learly show that the 29-nt segment is able to confer AC2
esponsiveness to heterologous promoters.
For the second approach, the CLE sequences found in
he SCP-GUS construct were modified to disrupt the
onsensus. The direct repeat (GTGGTCC; located 18 nt
rom the initiation codon) and the two inverted repeats
GTGGTC and TTGGTCCC; 66 and 81 nt) were changed
o GATTACC, GTTTTC, and TTTTACCC, respectively.
ransient experiments comparing the mutated SCP-GUS
nd the wt SCP-GUS showed a similar level of expres-
ion in the absence of an AC2 source. However, only the
t SCP-GUS was able to be transactivated when cobom-
arded with a source of AC2 (Fig. 6).
FIG. 2. Location and orientation of CLE sequences in selected gemi
TYLCV-Th, ACMV-N, and ICMV) and NW (PHV, SLCV-E, and TGMV) gem
hereas open boxes represent elements with more than one mismatc
FIG. 3. CLE-containing heterologous promoters used in transient
xpression experiments. To determine the functionality of CLEs, oligo-
ucleotides containing two CLEs were synthesized and cloned up-
tream of the minimal (246/18) and truncated (290/11) versions of
he cauliflower mosaic virus (CaMV) 35S promoter to direct the expres-
ion of the reporter gene (GUS). The CLE sequences are boxed and theihanges introduced to generate a StuI site are shown in lowercase.single CLE sequence is sufficient to transactivate
eterologous promoters
To determine if a single CLE element was sufficient to
onfer AC22 responsiveness, the CLE46GUS and
LE90GUS constructs were digested with StuI and Hin-
III to eliminate 13 nt of the original oligonucleotide
ncluding one CLE (see Fig. 3). These new constructs,
CLE46GUS and 1CLE90GUS, were also delivered onto
obacco leaves in the presence or the absence of an AC2
ource. The results obtained showed that a promoter
ith a single CLE was still able to be transactivated by
C2 (Fig. 5). Again, a lower expression was observed
hen DNA from pBluescript or the AC22 PHV A mutant
as cobombarded. It was also noticed that the level of
ransactivation of these constructs with only 16 nt is
imilar to that obtained with the constructs harboring the
omplete 29-nt fragment (i.e., two CLEs).
DISCUSSION
The activation of CP and BV1 gene expression by the
C2 protein is well documented in at least two bipartite
eminiviruses (Haley et al., 1992; Sunter and Bisaro,
991, 1992). However, little is known about the transacti-
ation mechanism or the cis-acting elements involved in
his process. A conserved sequence element identified
n a theoretical analysis of the Geminiviridae intergenic
egion was suggested as a putative target site for AC2
Argu¨ello-Astorga et al., 1994b). In the present work,
ifferent experimental approaches have produced com-
lementary evidence that support, in the case of PHV, the
nvolvement of CLE in the transactivation process. First,
ransgenic tobacco plants harboring a construct with 115
t of the CP promoter (SCP) fused to a GUS reporter
ene displayed blue spots consistently at the sites of
s. CLEs found in CP/AV2 and BV1 gene promoters from selected OW
ses. Filled-in boxes represent elements with the consensus sequence,
arrows indicate relative orientation of the CLEs.niviruse
inivirumpact when bombarded with PHV DNA. GUS expres-
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166 RUIZ-MEDRANO ET AL.ion in healthy SCP plants characteristically is located in
eristematic tissues, with rather weak expression also
bserved in the vascular tissue of the apical stem. How-
ver, after inoculation, expression in the stem vascular
issue is enhanced to some extent, the basal stem show-
FIG. 5. Quantitative analysis of CLE-mediated transactivation in to-
acco leaves. (A) The constructs CLE46GUS, 1CLE46GUS, and 46GUS
control without CLE sequences) were cobombarded into tobacco leaf
issue with two sources of AC2 (PHV A and 35S-AC2 DNAs). As
ontrols, pBluescript DNA (BS) and DNA from a AC2 nonexpressing
HV A mutant (AC22) were also used. The number of blue spots in a
iven area was counted and plotted. Bars represent the average of the
alues obtained in three experiments; closed circles represent the
alues obtained in the individual experiments. (B) A similar experiment
as carried out with the constructs 90GUS (control), CLE90GUS, and
CLE90GUS.ng the highest expression. The expression pattern of the snfected plants possibly reflects the fact that PHV is
estricted to the vascular tissue (Ruiz-Medrano and
ivera-Bustamante, unpublished data). These results
uggested that the cis-acting elements involved in the
ransactivation process lie within the 115 bases up-
tream of the CP start codon, a region containing three
LEs. To confirm that the CLEs are indeed responsible
or the observed transactivation two other approaches
ere followed. First, the CLE motifs in the CP promoter
ere mutated. Although the modified promoter was still
ble to direct the expression of a reporter gene, no
C2-mediated transactivation was observed. Since one
LE and two inverted CLE-like sequences were all mu-
ated, it was not possible to verify if only one or all of
hem are required for transactivation. Mutagenesis anal-
sis of each individual motif is currently under way. In the
econd approach, a synthetic oligonucleotide that con-
ains two perfect CLE motifs conferred AC2 responsive-
ess to heterologous promoters. A smaller oligonucleo-
ide (16 nt) that includes only a single CLE was also able
o mediate the transactivating effect of AC2 in the context
f heterologous promoters. Since the CLE sequence is
he only common motif shared between the 16-nt seg-
ent and the AC2-responsive truncated 2115 CP pro-
oter, it can be concluded that such an element should
e the functional core sequence involved in the transac-
ivation process. Further evidence supporting this hy-
othesis has been obtained recently. A single CLE motif
eplacing an I-box element in a 52-nt region from the
obacco rbcS gene promoter, including the photorespon-
ive I-G unit (Argu¨ello-Astorga and Herrera-Estrella,
FIG. 6. Effect of CLE mutation on transactivation of PHV CP promoter.
o verify the importance of the CLE motifs in the original context during
he transactivation process, a CLE and two inverted CLE-like motifs
ere mutated (see Materials and Methods). Wild-type and mutated
CP-GUS constructs were cobombarded into tobacco tissue as de-
cribed in Fig. 5.
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167TRANSACTIVATION OF PHV COAT PROTEIN GENE EXPRESSION995), conferred AC2 responsiveness to a chimeric rbcS-
5S promoter, as determined by transient expression
ssays in pea leaf tissue (Argu¨ello-Astorga, unpublished
ata).
Although the transactivation effect was observed with
oth AC2 sources (whole virus or an AC2-expressing
assette), stronger expression was usually observed
ith the whole virus, even when the AC2 gene copy
umber delivered was similar. On one hand, it is possi-
le that the virus delivered to the target cells can start
eplication and thus increase the AC2 gene copy num-
er. However, other viral factors could also be directly or
ndirectly affecting CP expression. For example, Rep pro-
ein could be inducing cell cycle factors that could in-
rease the expression of the reporter gene. CP-GUS
lants show a relatively strong expression in meristem-
tic tissue even in the absence of AC2 (Ruiz-Medrano
nd Rivera-Bustamante, unpublished). The fact that all
LE-less constructs show a lower expression than their
quivalent CLE containing constructs (e.g., 46GUS vs
LE46GUS) supports this hypothesis. Nevertheless, the
arger difference in the expression levels obtained with
he wt virus and the AC22 mutant agree with the hypoth-
sis that the AC2-mediated transactivation is the main
echanism for the increased expression of the reporter
ene.
A question that remains to be resolved is whether AC2
nteracts by itself with the CLEs (and other still unchar-
cterized cis-acting elements) or it requires the presence
f a host factor(s) to bind the CLEs as a complex. Al-
hough this second possibility can still present several
ariations (i.e., AC2 in the complex binding directly with
NA or interacting only with the host factors that bind
NA), experimental evidence obtained so far tends to
upport it. For instance, in vitro studies have failed to
emonstrate the binding of AC2 in a sequence specific
anner (Noris et al., 1996; Sung and Coutts, 1996; Sunter
nd Bisaro, 1997). Transient and transgenic assays with
he CLE90GUS cassette suggest that host factors can
ind the CLE sequences and affect the expression of the
ontiguous promoter. When the number and intensity of
he blue spots obtained in tissues bombarded with
0GUS and CLE90GUS are compared in the absence of
iral factors (Fig. 5), it is clear that the CLE sequences by
hemselves have a positive effect on the expression of
he reporter gene. In addition, transgenic tobacco plants
ontaining the CLE90GUS cassette present an expres-
ion pattern different than the one obtained with CLE-
acking control plants (90GUS), suggesting that host fac-
ors in some tissues are able to bind these elements and
romote GUS expression (Ruiz-Medrano and Rivera-Bus-
amante, unpublished). The interaction between viral and
ost factors is not unusual in viral systems. Several
ransactivating factors encoded by well-studied mamma-
ian DNA viruses (e.g., VP16 from herpesviruses; Gerster
nd Roeder, 1988) apparently do not bind to specific DNA Mequences, but instead are recruited to the target pro-
oter by specific interactions with host transcription
actors that bind specific sequences within the promoter
reviewed in Martin and Green, 1992).
However, the data presented so far cannot exclude the
ossibility that AC2 could bind directly to the CLE se-
uences. For instance, most of the experiments carried
ut to study the DNA binding properties of AC2 were
erformed with protein expressed in heterologous sys-
ems, and an important posttranslational modification(s)
ould be missing. Alternatively, it might be necessary for
C2 to interact with host factors to adopt a particular
rotein conformation that enables it to bind DNA in a
equence-specific manner.
The CLE motif is not a sequence commonly found in
lant gene promoters. A search among the upstream
equences of plant genes included in the GenBank da-
abase reported only a few matches. Interestingly, recent
ork with the rice PCNA gene promoter demonstrated
he functionality of CLE-like sequences (Kosugi et al.,
995). In this work, it was reported that two elements
ighly homologous to CLEs (TGGTCCC and GTGGGCC)
nd a G-box were essential for the activity of the pro-
oter in meristems. Thus, it is possible that CLE and
LE-like elements will reveal themselves as regulatory
lements in plant promoters.
The 25 amino acid residues of the zinc finger-like
omain is the most conserved protein segment of AC2
rom begomoviruses, and it is also conserved in two
urtoviruses, namely, the leafhopper-transmitted BCTV-
FH (but not the Logan, California, and Worland isolates)
nd the treehopper-transmitted tomato pseudocurly top
irus (TPCTV; Briddon et al., 1996). These are the only
nown curtoviruses that have CLE sequences. It has to
e mentioned, however, that C2 in BCTV-Logan is not
ecessary for coat protein expression, suggesting a dif-
erent role for this protein. More work is needed to
lucidate the role of CLEs (and AC2) in other geminivi-
uses, although their role in the transactivation of late
enes seems clear in PHV.
MATERIALS AND METHODS
equence analysis
Sequences were assembled and analyzed using Ge-
eWorks (Intelligenetics Inc.) and Lasergene (DNAStar)
oftware packages. The following sequences were ob-
ained from the EMBL and GenBank databases: African
assava mosaic virus Kenya (ACMV-K; Accession Nos.
17095, X17096) and Malawi isolates (ACMV-M) (Hong et
l., 1993); Abutilon mosaic virus (AbMV; X15983, X15984);
CTV (X04144); bean golden mosaic virus, Puerto Rico
BGMV-PR; D00200, D00201), Brazil (BGMV-BZ; M88686,
88687), and Guatemala isolates (BGMV-GA; M91604,
91605); bean dwarf mosaic virus (BDMV; M88178,
88179); Indian cassava mosaic virus (ICMV; Z24758,
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168 RUIZ-MEDRANO ET AL.24759); mung bean yellow mosaic virus (MYMV;
14703, D14704); PHV (X70418, X70419); Texas pepper
irus (TPV; U57457); potato yellow mosaic virus (PYMV;
00940, D00941); squash leaf curl virus (SLCV; M38182,
38183); tomato golden mosaic virus (TGMV; K02029,
73794); tomato mottle virus (TMoV; L14460, L14461);
omato leaf curl virus, Indian (ToLCV-In; L12739) and
ustralian isolates (ToLCV-Au; Dry et al., 1993); tomato
ellow leaf curl virus, Israel (TYLCV-Is; X15656), Sardinia
TYLCV-Sr; X61153), and Thailand isolates (TYLCV-Th;
59838, M59839).
ector construction
All DNA techniques were carried out according to
tandard procedures (Sambrook et al., 1989) or as rec-
mmended by the suppliers. Full-length clones of PHV A
omponent in pBluescript (SK1) were obtained using
ither EcoRI (pIGV23) or HindIII (pIGV22) restriction en-
ymes (Torres-Pacheco et al., 1993). Translational fu-
ions of the coat protein gene promoter with the uidA
eporter gene (b-glucuronidase; GUS) were constructed
y inserting the GUS-nos cassette from pBI101 into the
tyI-digested and blunt-ended pIGV23 (Bevan, 1984; Jef-
erson et al., 1987). The StyI digestion of pIGV23 elimi-
ates most of the coat protein ORF, leaving only the first
even codons. Three versions (large, medium, and small)
f the CP promoter were obtained by digesting with
coRI, PmlI, or HindIII enzymes and fused to the GUS-
os cassette (see Fig. 1A).
The vectors used for AC2 transactivation assays were
onstructed as follows: Complementary oligonucleotides
ontaining two CLE sequences (see Fig. 3) were synthe-
ized using an Applied Biosystems DNA Synthesizer.
he oligonucleotides were designed in such a way that,
hen annealed, they generated HindIII (59) and XbaI (39)
ohesive ends. The oligonucleotides (10 mM each) were
nnealed essentially as described by Sambrook et al.
1989). After annealing the oligonucleotides were in-
erted upstream of the CaMV 35S-GUS-nos fusions
ound in plasmids pBI46 and pBI90. pBI46 contains the
inimal (nucleotides 246/18) 35S promoter version,
hereas pBI90 contains the truncated (290/11) version
Benfey et al., 1990). The newly generated plasmids were
amed pBI46CLE and pBI90CLE, respectively. These two
lasmids were used to obtain transgenic tobacco plants.
or transient assays, the CLE-35S (246 or 290)-GUS-
os cassettes were subcloned into pBluescript (SK1) to
enerate the plasmids CLE46GUS and CLE90GUS. To
btain a construct with a single CLE, CLE46GUS and
LE90GUS were digested with StuI and HindIII (see Fig.
), filled in, and religated, generating plasmids
CLE46GUS and 1CLE90GUS. As bombardment con-
rols, pBluescript (SK1) harboring either the minimal or
runcated promoters directing the expression of the GUS
ene (46GUS and 90GUS, respectively) were used. eTo mutate the CLE sequences in the CP promoter, the
ragment HindIII–StyI (SCP; 2115 to 119) was syntheti-
ally constructed using two complementary oligonucle-
tides (89 and 87 bases) that overlapped by 31 bases
nd included the mutated CLE sequences. The oligonu-
leotides were annealed, filled in, and ligated into pZErO
Invitrogen). The mutated HindIII–StyI fragment was then
xcised and used to substitute the equivalent wild-type
ragment in the construct SCP-GUS. The GTGGTCC box
ound 18 nt upstream of the ATG codon was changed to
ATTACC. The CLE-like boxes GTGGTC and TTGGTCCC
ound in inverse orientation at 66 and 81 nt upstream of
he initiation codon were also changed to GTTTTC and
TTTACCC, respectively.
Two types of constructs were used as a source of AC2
roduct: plasmid pIGV22 (monomeric infectious clone of
HV A in pBluescript) and a construct where the expres-
ion of the AC2 ORF is directed by the 35S CaMV pro-
oter (35S-AC2, also in pBluescript). To confirm AC2-
pecific effects, a nonsense mutation was introduced
nto the AC2 ORF of pIGV22 using a site-directed mu-
agenesis kit, following the manufacturer’s recommenda-
ions (Clontech; Palo Alto, CA). The oligonucleotide used,
9-CGGCTGTTgAATTTAaATACATATTAACTG-39, intro-
uced two changes (lowercase) that produced two stop
odons (underlined) and created a DraI site (boldface).
he mutations are located in the segment in which the
C2 ORF does not overlap with either AC3 or AC1 ORFs.
ransient assays
For transient expression experiments, a particle deliv-
ry system (Model PDS1000, DuPont) was used to intro-
uce the DNA of the constructs described above into pea
r tobacco leaf tissue, following a procedure previously
escribed (Klein et al., 1988). Before the bombardments
eaf tissue was incubated for 4 h at 25°C on solid MS
edium containing 0.4 M mannitol and 0.4 M sorbitol.
he bombardments were carried out at a pressure of 800
si. Bombarded tissue was incubated at 25°C for 18–24
on solid MS medium without sucrose and then stained
or glucuronidase activity (see below). The efficiency of
ombardment was determined as the number of blue
pots per bombardment per area.
istochemical staining
Histochemical staining for GUS activity either for tran-
ient expression assays or on transgenic tissue was
one essentially as described by Jefferson et al. (1987).
issue was incubated at 37°C for 4–8 h in a solution
ontaining 0.5 mg/ml X-Gluc (Biosynth AG, Switzerland),
0 mM pH 7 phosphate buffer, 10 mM EDTA, and 0.1%
v/v) Triton X-100. Stained tissue was cleared of pigments
ith several 30-min washes using a 3:1 methanol–ac-
tone mixture, until destaining was complete. The tissue
a
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169TRANSACTIVATION OF PHV COAT PROTEIN GENE EXPRESSIONnd sections were visualized with a stereoscope (Nikon)
r a bright-field microscope (Zeiss).
lant inoculation
Tobacco plants were inoculated via particle bombard-
ent as described before (Garzo´n-Tiznado et al., 1993).
lants were grown under greenhouse conditions at a
ean temperature of 28°C.
lant transformation
Stable transformation of tobacco Xanthi nc plants was
arried out by the leaf disc transformation method es-
entially as described by Horsch and Klee (1986).
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